Interactions of solutes with diverse ionic liquid solvents have been investigated by quantitative structureproperty relationship (QSPR) methodology. Ostwald solubility coefficients and partition coefficients of organic solutes in eight different ionic liquids are correlated by molecular descriptors calculated solely from their structures. Two-to four-parameter best multilinear regression models were obtained with coefficients of determination ranging from 0.913 to 0.992. Additionally, several models were obtained with the same descriptors for all eight ionic liquids (ILs). Charge-related type descriptors contributed significantly to most of the models. The QSPR models were validated using the leave-one-out cross validation method.
Introduction
Ionic liquids (ILs) are a class of novel compounds that are composed entirely of ions, contain at least one organic ion in an ion pair, and are liquid at or near room temperature. ILs have received a great deal of attention due to their unique properties such as solvation ability for a wide range of compounds, high thermal stability, electroconductivity, and very low vapor pressure. 1 Ionic liquids have found potential applications in "green" chemistries, separation processes, and various catalytic reactions. [2] [3] [4] Experimental solubilities and infinite dilution activity coefficients, γ i ∞ , of solutes dissolved in ionic liquids are important properties, which describe solute-solvent interactions. These properties have practical applications in commercial processes involving chromatographic separations and liquid-liquid extractions. Several publications report limited experimental measurements of the infinite dilution activity coefficients, [5] [6] [7] [8] [9] [10] [11] [12] γ i ∞ , and
Henry's law constants 13, 14 of various solutes in different ILs. However, the literature lacks data for the solubility of many common organic chemicals in ionic liquids. Hence, a quantitative structure-property relationship (QSPR) theoretical approach that would provide quantitative correlation and hence the possibility of prediction of solubilities in ionic liquids, together with additional physical properties, could benefit researchers in this area.
Quantitative structure-property relationship studies have found wide applications in various research areas of chemistry, as an efficient tool in the correlation and prediction of diverse physicochemical properties. Several physicochemical and biological properties such as aqueous solubilities, vapor pressures, water-air partition coefficients, 15, 16 partitioning behavior of organic solutes in aqueous biphasic systems, 17 blood-air and tissue-air partition coefficients of organic solutes, 18, 19 partition of drugs between human milk and plasma, 20 and blood-to-brain distribution coefficients of drugs 21 were investigated by our group.
In recent years, QSPR methodology has been employed for the correlation and prediction of various physicochemical properties of ionic liquids. Melting points of several imidazolium and pyridinium based ionic liquids were correlated by our group using molecular descriptors calculated by the CODESSA Pro program. 22, 23 Previous QSPR models for the correlation of melting points of ionic liquids and related properties [24] [25] [26] [27] [28] included studies by Abraham and co-workers [29] [30] [31] based on linear free energy relationship (LFER) methods for the prediction of partition coefficients of various solutes in ionic liquids.
Gutowski et al. 32 have correlated the enthalpies of formation and stabilities of energetic ionic liquids by ab initio electronic structure calculations. Semiempirical methods including UNI-FAC group contributions and COSMO-RS were applied to predict infinite dilution activity coefficients of ionic liquids. 33, 34 Eike et al. 35 correlated infinite dilution activity coefficients for 38 solutes in three ionic liquids (1-butyl-4-methylpyridinium tetrafluoroborate, 1-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide, and 1,2-dimethyl-3-ethylimidazolium bis-(trifluoromethylsulfonyl)imide) with a correlation coefficients of 0.90 to 0.99 by QSPR methodology. Tamm and Burk   36 correlated the infinite dilution activity coefficients of three ionic liquids for the same set of 38 organic compounds with structural descriptors. QSPR models for the toxicity data of ionic liquids (log IC 50 and log LC 50 ) were reported with an R 2 of 0.78 to 0.88. 37 Our group reported a general treatment of solubility in traditional organic solvents. [38] [39] [40] In continuation of this earlier work, we have now attempted the correlation of the solubility of solutes in various ionic liquids. The present study develops QSPR models for the correlation of Ostwald solubility coefficients (log L) and partition coefficients (log P) of organic solutes in eight ionic liquids based on molecular descriptors calculated solely from the structure of a molecule.
Data Set
The experimental data for the present work based on the infinite dilution activity coefficients of solutes in eight different ionic liquids, such as 1-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide ( 
The partition coefficients log P for the solutes in the eight ionic liquids were calculated by eq 2, where L W is the Ostwald coefficient of the solute in water. The Ostwald solubility coefficients (log L) and partition coefficients (log P) were calculated by eqs 1 and 2.
Methodology
QSPR Modeling. The 2D-structures of the compounds were drawn using ChemDraw. 53 A three-dimensional conversion and preoptimization were performed using the molecular mechanics (MM+) implemented in the HyperChem 7.01 package. 54 Final geometry optimization of the molecules was carried out by using the semiempirical quantum-mechanical AM1 parametrization. A gradient norm 0.042 kJ · Å -1 was applied in the geometry optimization for all structures as a stopping criterion. The optimized geometries were then loaded into CODESSA Pro software. 55 The CODESSA Pro program was used to calculate up to 725 different molecular descriptors, derived from the molecular structure for each solute and classified as: (i) constitutional, (ii) geometrical, (iii) topological, (iv) chargerelated, (v) quantum chemical, and (vi) thermodynamic.
The best multilinear regression (BMLR) procedure available in the framework of the CODESSA-Pro was used to find the best correlation models from selected noncollinear descriptors. After defining the descriptor space for the solutes, the BMLR procedure 56 was used to find the best correlation between the descriptors and property. The BMLR selects the best two-parameter regression equations, then the best threeparameter regression equations, etc., on the basis of the highest R 2 and F values in a stepwise regression procedure. The result obtained by BMLR is the "best" representation of the property in the given descriptors pool. To develop QSPR models, it is important to decide when to stop the addition of descriptors during the stepwise regression procedure. An excessive number of descriptors could lead to overparameterized equations that are difficult to interpret in terms of interactions and mechanisms. Based on the variation of R 2 , R 2 cv , and F values with respect to the number of descriptors in the equation, the optimum regression model was selected with the optimum low number of descriptors.
Results and Discussion

QSPR Modeling of Ostwald Solubility Coefficient (log L).
The best three or four descriptor multilinear regression equations were developed for log L in eight ionic liquids. The statistical characteristics for each of these models are shown in Table 1 . The BMLR method produced the best models in the respective descriptor spaces. To avoid the incorporation of collinear descriptors, a threshold value of R 2 intercorr. e 0.5 between the descriptors was set. Altogether, 16 different descriptors were involved in the QSPR models for the eight ILs I to VIII. The descriptor types include charge related (d 3 ) . Their occurrence in the BMLR models is listed in Table 2 . The coefficients of determination R 2 for the models reported ranged from 0.919 to 0.992, and variances s 2 ranged from 0.012 to 0.069 (Table 1) . These parameters indicate satisfactory quality of the regressions.
The most important descriptors involved in the log L models depict the charge distribution within the molecules, which is a main factor describing the electrostatic interactions between the solute and the IL (see Table 2 ). In general, log L increases with increasing hydrogen donor/acceptor ability of the solute. The above conjectures are supported by the occurrences of the descriptors as given in Table 2 , coupled with the positive contributions of the hydrogen bonding descriptors in the eqs in Table 1 .
The descriptors Information content parameter, Randic index, and GraVitational index significantly contribute toward the solubility of organic solutes in ILs. They should account for the size and shape effects of the molecules in intermolecular interactions. The quantum mechanical descriptors d 17 to d 19 and d 28 reflect the interatomic interactions averaged by the number of the atoms for a given molecule. The predicted values of log L for ILs I to IV are listed in Table 3 , and the plot of the predicted versus observed plots for ILs I to IV is shown in Figure  1a to d (the remaining results for ILs V to VIII are given in Supporting Information SM1).
QSPR Modeling of Partition Coefficients (log P).
A second goal of this investigation was to develop robust QSPR based on the BMLR method for partition coefficients (log P) defined by eq 2. The best two-parameter models found for the eight ILs are shown in (Table  4a ) range from 0.896 to 0.986, suggesting good predictability for the equations. The leave-one-out algorithm was used for this validation. All descriptors involved in the QSPR models for log P are listed in Table 4b .
Also, the predicted values of log P and the predicted vs observed plots for log P in ILs I to VIII are included in Supporting Information SM2.
Cross Validation. To validate the BMLR models developed for log L and log P, the parent data points were divided according to the experimental values into three subsets (A, B, C) as follows: the first, fourth, seventh, etc. data points comprise the first subset (A), the second, fifth, eighth, etc. comprise the second subset (B), and the third, sixth, ninth, etc. comprise the third subset (C). Three training sets were prepared as combinations of two subsets (A and B), (A and C), and (B and C). For each training set, the correlation equation was derived with the descriptors of the respective equations given in Tables 1 and 4a. The equations obtained were then used to predict log L and log P values for the compounds from the remaining test set (A, B, or C). The efficiency of QSPR models to predict log L and log P values was assessed by the squared correlation coefficients and standard deviations between experimental and predicted data for each test set (A, B, or C). The stability of the models is indicated by the close agreement of the average values of (i) Common Descriptor Models for log L. One of the main goals of this work was also to generalize the QSPR representation of log L for all eight ILs. More precisely, we aimed to build a model with the same descriptors common for all eight ILs. To do this, we explored the occurrences of the descriptors in Table 2 . The descriptors which appeared in the previous models were preselected. Thus, a smaller descriptor space was formed on which the BMLR was run for each IL. The best four-descriptor regression models for log L are reported in the Supporting Information (SM-4a): the four descriptors best describing the eight ILs as a group were: DPSA3 difference in CPSAs (PPSA3-PNSA3) ( 
pred. log L (IL-IV) Similar general four-descriptor models were reported by Eike et al. 35 for the prediction of infinite dilution activity coefficients (ln γ i ∞ ) in three ionic liquids, 1-butyl-4-methylpyridinium tetrafluoroborate, 1-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide, and 1,2-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide. . Similar descriptors were also shown to have significant contributions in our models. Common Descriptor Models for log P. The same general procedure, as described above for log L,was performed on the log P data. Overall, just two highly significant descriptors, i.e., DPSA2 difference in CPSAs (PPSA2-PNSA2) ZefiroV PC d 2 and Minimum partial charge (ZefiroV) for all atom types d 12 contribute to all the eight models for log P (see SM-5a).
Examination of the statistical parameters in SM-5a revealed that the equations for log P of ILs I to VIII have significant correlations with R 2 ranging from 0.904 to 0.985.
External Validation
The common descriptor models for log L and log P were externally validated for their predictive ability. Therefore, we divided the parent set into training and external test sets. Since the number of solutes in some ILs is low, we selected an external set for each IL with five to ten compounds. In the case of log L, the same four descriptors (d 3 , d 5 , d 7 , and d 19 ) were used to build equations for the training sets (SM4a) but with different regression coefficients. These equations were used for prediction of the respective test sets for each IL. The statistical characteristics of the validated models for log L are given in (SM-4b). Plots of predicted vs experimental log L values in the eight ionic liquids (ILs I to VIII) are shown in SM 6, Figures I to VIII, for data points in the training set and for data points left out of the training set (external set). For most of the ILs, the external points were close to the regression line generated by the training set equations. However, in the ILs II and VIII, ethyl acetate deviated slightly from the line.
In the case of log P validation, the two descriptors (d 2 and d 12 ) were used in the models developed for log P for all the eight ILs (see SM-5a). For the external test sets, five to ten compounds were selected depending on the number of data points of the parent data sets. Significant QSPR equations were obtained for LogP in all the eight ILs I to VIII and are shown in (SM-5b).
Plots of the predicted vs experimental log P values for all eight ILs are given in SM-7. The compounds from the external (validation) data set fit well into the model derived for the training set.
Conclusions
Valid QSPR models, based on two to four molecular descriptors calculated solely from structure, were obtained for Ostwald solubility log L and partition coefficient log P. The parameters involved in the correlations reflect the physical significance of specific solute-solvent interactions for various solutes in ionic liquids.
Overall, the QSPR equations developed indicate the significant role in solvent-solute interactions and the chargerelated descriptors alongside as the hydrogen donor/acceptor abilities of the solutes. In addition, the excellent predictive power of the models reported enabled highly accurate estimations of the log L and log P values for the external data sets.
The QSPR models developed herein should be useful for prediction of Ostwald solubility coefficients and partition coefficients of unknown solutes in ionic liquids. The common descriptor models developed could be used for the screening for suitable solutes in ionic liquids.
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